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The complex modulation of cytoplasmic free calcium concentration ([Ca*+]=) in primary cultures of cerebellar granule cells in response to glutamate receptor agonists has been the subject of several contradictory reports. We here show that 3 components of the [Ca*+]= response can be distinguished:
(1) Ca*+ entry through voltage-dependent Ca2+ channels, following KCI-or receptor-evoked depolarization, (2) Ca*+ entry through NMDA receptor channels, and (3) decaying to a sustained plateau (largely inhibited by nifedipine). The NMDA response was potentiated by glycine, totally inhibited by (+)Smethyl-10,ll -dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate , and blocked by Mg2+ in a voltage-sensitive manner. Polarized cells displayed small responses to quisqualate (QA) and cY-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). Depolarization enhanced a transient response to QA, but not to AMPA. Trans-1 -amino-1 ,&cyclo-pentanedicarboxylic acid (frans-ACPD), a selective agonist for the metabolotropic glutamate receptor, caused a transient elevation of [Ca2+ln which was blocked by prior exposure to QA but not AMPA. The prolonged [Caz+lc response to kainate (KA) can be resolved into 2 major components: an indirect NMDA receptor-mediated response due to released glutamate and a nifedipine-sensitive component consistent with depolarization-mediated entry via Ca2+ channels. 8-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), QA at > 10 PM, and AMPA (but not trans-ACPD) reversed the KA response, consistent with an inactivation of the KA receptor. Our results show that the [Ca2+lc responses to individual agonists involve complex interactions, suggesting that great care is required in the interpretation of agonist-stimulated cellular responses.
The cerebellar granule cell is the most numerous neuronal subtype in the mammalian brain (for review, see . It differentiates later than most other neurons, facilitating the production of primary cultures of high purity. The cells respond to the selective glutamate agonists NMDA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate (KA; Wroblewski et al., 1985; Drejer et al., 1986; Cull-Candy et al., 1988; Holopainen et al., 1989) . Primary cultures of cerebellar granule cells have been extensively exploited in order to investigate the roles of the subclasses of glutamate receptors in the control of plasma membrane potential (Connor et al., 1987) ; the elevation of second messengers such as Ca*+ (Connor et al., 1987; Bouchelouche et al., 1989; Holopainen et al., 1989; Wroblewski et al., 1989) , inositol phosphates (Nicoletti et al., 1986a,b; Bouchelouche et al., 1989) , and cGMP (Nicoletti et al., 1986b; McCalsin and Morgan, 1987; Novelli et al., 1987) ; the release of amino acids (Gallo et al., 1987a (Gallo et al., ,b, 1989 ; and the regulation of gene expression (Szekely et al., 1989) .
Electrophysiological studies on a variety of neurones indicate that, of the glutamate receptors, only the NMDA receptor can conduct Ca2+ directly, while the non-NMDA receptors conduct monovalent cations (Ascher and Nowak, 1987) . Additionally, the recently described metabolotropic glutamate receptor (Sladeczek et al., 1985; Murphy and Miller, 1988) can elevate inositol phosphate concentrations and liberate Ca2+ from internal stores. Applied to the cerebellar granule cell, this scheme would predict that the [Ca2+lc response to NMDA might have 2 components: one due to direct Ca*+ entry through the receptor channel, and one indirect component due to receptor-mediated depolarization-activating voltage-sensitive calcium channels. AMPA and KA [Caz+] , responses should be purely via the latter mechanism, the exact nature ofwhich will depend on the spatial relationships between the depolarizing receptors and the voltage-sensitive calcium channels. The quisqualate (QA) [Ca"], response should have components due both to depolarization and to mobilization of internal Ca2+ stores.
Elevated [Ca2+lc may in turn influence tertiary messengers. Thus, there are indications that increases in [Caz+lo by whatever mechanism, are capable of activating inositol phosphate tumover directly as well as via release of transmitter onto metabolotropic receptors (Nahorski et al., 1986) . Increased [Ca2+lc may also modulate cGMP levels (Novelli et al., 1987) , gene expression (Szekely et al., 1989) , and arachidonate production (Lazarewicz et al., 1988) .
Published reports have proposed a more complex interaction between cerebellar granule cell glutamate receptors and second messengers than would be predicted. Thus, it has been reported that non-NMDA receptors may allow direct entry of Ca*+ across the plasma membrane (Holopainen et al., 1989) while direct coupling of glutamate receptors to a cGMP second-messenger system has been frequently discussed (Nicoletti et al., 1986b; Novelli et al., 1987) , as has the possibility that glutamate receptors other than the metabolotropic QA receptor might be linked to phosphoinositide turnover (Nicoletti et al., 1986a,b) . Furthermore, a number of groups have reported that cerebellar granule cells fail to increase [Ca*+lc in response to QA (Connor et al., 1987; Bouchelouche et al., 1989) , KA (Bouchelouche et al., 1989) , or NMDA (Connor et al., 1987; Bouchelouche et al., 1989) , even in the absence of MgZ+.
In this paper, we dissect systematically the separate components of the [Ca2+lc response of the cells, by considering first the response to KC1 depolarization in the absence of receptor activation, then examining the effects of the individual glutamate receptors sequentially. We find that, when proper account is taken of the complex interactions between voltage-and receptor-mediated responses, the results are entirely consistent with the simple extrapolation from electrophysiological data discussed above.
Materials and Methods
Primary cultures. Cells were prepared essentially as described by Dutton et al. (198 1) . Briefly, cerebella from 8-d-old Wistar rats were pooled in buffer consisting of 153 mM Na+, 4 mM K+, 1.5 mM Mg*+, 139 mM Cl-, 10 mM POd2-, 1.5 mM SO.,-, 14 mM glucose, and 50 PM BSA (pH, 7.4). They were then chopped with 2 passes through a McIlwain tissue chopper into 375-Mm blocks, gently dispersed into buffer supplemented with 0.25 mg/ml trypsin, and incubated for 20 min at 37°C. The trypsinization was terminated by addition of an equal volume of bulfer containing 8 &ml soybean trypsin inhibitor and 8 U/ml DNAase I and centrifuged at 65 x g for 30 sec. The supematant was discarded, and the pellet was triturated 10 times, using a fire-polished Pasteur pipette with a narrowed end, in 1 ml triturating medium (buffer containing 3 mM Mg*+ and SOd2-supplemented with 50 &ml soybean trypsin inhibitor and 50 U/ml DNAase I). Material remaining in suspension was transferred to another tube, 1 ml more triturating medium was added, and trituration was repeated. Perikarya were sedimented by underlying the supematant with 2 ml 4% BSA in Caz+-free Earle's Balanced Salts Solution and centrifuging for 5 min at 100 x g. The pellet was resuspended in culture medium at a density of lo6 cells/ml. Cells were then plated at 750,000 per cm* onto 13-mm-diameter, poly-L-lysine-coated circular coverslips. More culture medium was added approximately 12 hr after plating. The culture medium consisted of Minimal Essential Medium (MEM)supplemented with 10% (v/v) fetal calf serum, 20 mM KCl. 30 mM alucose. 2 mM alutamine. 50 U/ml penicillin, and 50 PM streptomycin. On the secondday in vi& (2 DIV), 80 PM 5-fluoro-2'-deoxyuridine was added to the cultures to inhibit the replication of non-neuronal cells. The cultures were maintained at 37°C in a humidified atmosphere of 5% CO,:95% air. Medium was replaced every 3-4 d.
Determination of [Ca'+] ,. Coverslips were washed with modified Elliot's medium (127 mM Na+. 3.5 mM K+. 1.3 mM CaZ+. 1.2 mM Ma*+. 127.7 mM Cl-; 20 mM 2-{[;ris-(hydroxymethyl)-methyl]-amino}-eth: anesulphonic acid, 5 mM CO, *-, 0.4 mM PO,z-, 1.2 mM SO,*-, 5 mM glucose, and 16 PM BSA, pH 7.4) and transferred to stirred thermostatted plastic fluorescence cuvettes containing 1.5 ml of this medium in an LSS-B Perkin Elmer luminescence spectrometer. The background fluorescence was measured, and the cells were then incubated with 3 PM fura-2-acetoxymethyl ester (fura-Z/AM) for 30-40 min. Cells were again washed in the cuvette. The emission at 505 nm was determined with alternate excitation at 340 and 380 nm (7.5-set cycle time), and data points were collected in an IBM-compatible PC. At the end of each experiment, calibration was performed by exchanging the incubation medium for a Mgz+/Ca2+-freemedium supplemented v&h 1 mM EGTA (pH, 8.0); 10 PM ionomycin was added to facilitate equilibration with the internal Ca2+ (zero [Caz+]J. Four mM CaCl, was then added to provide the reading corresponding to saturating [Ca2+lc. The Kd of hydrolyzed fura-for CaZ+ was taken to be 224 nM (Grynkiewicz et al., 1985) .
Materials. Fura-2/AM and ionomycin were obtained from Calbiothem (Nottingham, U.K.). QA (synthetic) was obtained from Cambridge Research Biochemicals (Harston, Cambridge, U.K.). Penicillin/ streptomycin and phosphate-buffered salts were from Flow Laboratories Ltd: (Irvine, Ayrshire,.U.K.). Fetal calf serum and MEM were from Gibco BRL (Paislev. Strathclvde. U.K.). 6-Cvano-7-nitroauinoxaline-2,3-dione (CNQX) and ( 
Results

KC1 depolarization
The indicated resting [CaZ+lc in polarized cells was 14 + 5 nM (n = 24). It should be emphasized that this absolute value may be inaccurate because it is more than an order of magnitude below the Kd for fura- (Grynkiewicz et al., 1985) . Granule cells have been reported to maintain lower [Ca*+]= than Purkinje cells in culture (Connor and Tseng, 1988) . As the cells are, of necessity, cultured under partially depolarizing conditions in order to elevate [Ca2+lc (Balazs et al., 1988) , they may be expected to maintain a particularly low steady-state [Ca2+lc when returned to nondepolarizing media.
Raising the external [K+] from 3.5 to 33.5 mM produced a biphasic [Ca2+lc response in cells 5-9 DIV (Fig. 1A) to an initial transient of 329 + 76 nM (n = 13), followed by a recovery to a noninactivating plateau of 123 f 14 nM (n = 13). The latter indicates the presence of a population of noninactivating voltage-sensitive calcium channels, and 67 + 11% (n = 10) of this rise was inhibited by 1 PM nifedipine (Fig. 1A) . Less extensive depolarization by 10 mM KC1 caused a substantially smaller transient response, and also a smaller nifedipine-sensitive plateau (data not shown). When the dihydropyridine antagonist was added before depolarization (Fig. lc) , the transient was largely unaffected, while the plateau was depressed. Connor et al. (1987) have reported that cerebellar granule cells in explant culture undergo a series of action potentials in the 20-30 set following KC1 addition. This does not appear to occur in primary cell culture, because the large transient and plateau are both unaffected by tetrodotoxin (data not shown).
The decay of the transient appears to be due to a voltage inactivation of a class of transient Ca2+ channels. Thus, predepolarization in the absence of external CaZ+, followed by 1.3 mM CaCl,, had no effect on the plateau of [Ca2+lo while greatly diminishing the transient (Fig. 1B) . Carboni and Wojcik (1988) have reported that a comparable predepolarization of the cells blocks 45Ca2+ influx. This suggests that the largest component of CaZ+ entry into the cells following depolarization occurs through the transient channels before they inactivate. Finally, the combination of predepolarization and nifedipine removed any remaining transient and further decreased the plateau (Fig.  10) . Thus, we can clearly distinguish 2 classes of Ca2+ channel in these cells: a dihydropyridine-sensitive L-channel, which is not inactivated by predepolarization but is sensitive to dihydropyridine antagonists, and an inactivating channel, which is nifedipine insensitive. 
NMDA responses
One hundred PM NMDA added to 9-DIV polarized cells in the absence of added MgZ+ gives a complex [Ca2+lc response (Fig.  2) . Because activation of the NMDA receptor depolarizes the cells in addition to conducting Ca2+ (Ascher and Nowak, 1987) , it is likely that this response is a combination of a Ca2+ entry through the NMDA receptor and entry through voltage-sensitive calcium channels activated as a consequence of the depolarization. An extensive depolarization is also consistent with the subsequent failure of 0.4 mM Mg2+ to reverse the increase in [Caz+lc (data not shown).
In order to dissect out a pure NMDA receptor response, lower concentrations of NMDA were added to cells that were only 6 DIV and possessed smaller responses to the agonist. Nifedipine was also added in order to block the L-channel component of any depolarization-activated Ca2+ entry (Fig. 3) . Under these conditions, the absence of an initial spike indicates that any depolarization was not sufficient to activate the transient, nifedipine-insensitive CaZ+ channels.
The [Ca*+lc response to NMDA is consistent with the established electrophysiology of the patch-clamped receptors (Ascher and Nowak, 1987) . Thus, the [Ca2+le response in Mg*+-free medium is independent of KC1 depolarization (Fig. 3) . Furthermore, glycine enhances the NMDA-induced plateau; however, this is only clearly seen when HA-966, a competitive inhibitor at the glycine site (Foster and Kemp, 1989) , is initially present to reduce the activation due to leaked endogenous glytine. The NMDA response was strongly inhibited by 0.4 mM Mg*+ in nondepolarized cells.
The NMDA antagonist MK-80 1 totally reverses the NMDA- AMPA and QA responses
The response of the cells to AMPA or QA decreased with the age of the culture (Fig. 4) . However, even with 5-DIV cells, the responses were much smaller than those seen with NMDA or KA (see below). Fifty PM AMPA was maximal for increasing [Ca2+lc to a noninactivating plateau, whereas 10 FM QA produced a biphasic response. At 9 DIV, little effect of AMPA or QA could be resolved with the polarized cells (Fig. 4) ; however, after KCl-induced depolarization, 1 I.LM QA caused a transient rise in [Ca2+ 1, (Fig. 5 ), which could not be mimicked by 150 MM AMPA. The distinction between QA and AMPA suggests that the former, unlike the latter, may activate the metabolotropic QA receptor (Sladeczek et al., 1985) and liberate internal CaZ+ stores. Schoepp and Johnson (1988) have shown that QA, but not AMPA, can stimulate phosphoinositide hydrolysis, while Murphy and Miller (1988) have shown that the metabolotropic response in hippocampal neurons is maximal following KC1 depolarization. One hundred PM trans-ACPD, which has been reported to act as a specific metabolotropic QA receptor agonist (Palmer et al., 1989) , produced a transient response in KCl-depolarized cells (Figs. 5,6) . A second addition of the agonist was ineffective (data not shown). The response is still seen after 150 PM AMPA (Fig. 5 ), but not after 1 PM QA (Fig. 6 ). This suggests either that QA and trans-ACPD, but not AMPA, are capable of releasing Ca2+ from the same limited pool, or alternatively, that a com- . Trans-ACPD is ineffective after QA addition (arrows) to depolarized 9-DIV cells, and QA response is diminished after trans-ACPD (tACPD). Before the start ofboth traces, the cells were depolarized by the addition of 30 mM KCl. mon receptor rapidly inactivates. QA can still increase [CaZ+lc after excess trans-ACPD (Fig. 6) , though the magnitude of the response is decreased. This may correspond to the AMPA receptor component of the QA response.
IL4 responses
The complex response of 7-DIV cells to 100 KM KA in the absence of Mg2+ is illustrated in Figure 7 . In the presence of MK-801 to inhibit the NMDA receptor, the response appears much more homogeneous. This indicates that, under these conditions, there is a partial activation of NMDA receptors. KA could either (1) be acting directly on NMDA receptors, (2) release endogenous glutamate onto NMDA receptors as a result of depolarization and activation of exocytosis, or (3) release cytoplasmic glutamate and aspartate either by reversal of the Na+-coupled acidic amino acid carrier due to increased internal Na+ or by blocking reuptake of leaked amino acids through the carrier. Option 2 can be eliminated because any glutamate released by 30 mM KC1 does not produce an MK-801~sensitive component in the [Ca2+le response (see above); carrier blockade can be eliminated because an equal concentration of dihydrokainate, which is a more potent inhibitor of the acidic amino acid carrier but a weaker KA receptor agonist (Johnston et al., 1979) , did not cause a [Caz+le response in these cultures (data not shown).
Two PM CNQX, a concentration of this "nonspecific non-NMDA antagonist" that does not affect the NMDA receptor (Watkins et al., 1990) , reversed both components of the kainateevoked [Ca2+lc increase (data not shown). Thus, it seems likely that the MK-80 1 -sensitive component is due to an indirect action of amino acids released from the cytoplasm as a consequence of KA allowing Na+ entry, lowering the Na+ electrochemical gradient and reversing the plasma-membrane acidic amino acid carrier, rather than a direct action of kainate on the granule-cell NMDA receptor. It should be noted that 100 PM KA is insufficient to inhibit the acidic amino acid carrier (Johnston et al., 1979) .
In contrast to earlier reports (Holopainen et al., 1989) , the Interaction between QA and KA responses Thirty PM QA superimposed a transient rise in [Ca2+lc onto the KA plateau similar to that produced by QA following KC1 depolarization (Fig. 5) . However, immediately following this transient, a strong, persistent inhibition of the KA plateau was seen (Fig. 7) . AMPA at 50 PM produced a slow inhibition but no initial transient (Fig. 7) . With 150 PM AMPA, the inhibition was as rapid and extensive as that seen with 30 PM QA, though again, no transient occurred (data not shown). After KA, the transient with 30 PM QA is no larger than that with 1 PM agonist (Fig. 8c ) and is also mimicked by 100 PM trans-ACPD (data not shown). However, 1 PM QA (Fig. 8C) or 100 PM trans-ACPD (not shown) did not cause a subsequent inhibition, which required much higher concentrations of QA.
CNQX, however, inhibits the KA response at 2 PM (Fig. 8A) .
No further inhibition was produced by additional CNQX, 30 PM QA, or 1 PM nifedipine (data not shown). The residual [CaZ+lc after CNQX is similar to that after nifedipine (Fig. 8B) , suggesting that any residual nifedipine-insensitive [Ca2+lc is not associated with the KA receptor. Preexposure of the cells to 30 PM QA, or to 2 I.LM CNQX, strongly inhibited the KA response (data not shown).
Discussion
The present results are consistent with 3 modes of Ca2+ entry into the cytoplasm following glutamate receptor activation: (1) a direct Ca*+ entry through NMDA receptor channels, characterized by a retained Ca 2+ signal in the presence of nifedipine after transient, nifedipine-insensitive channels have voltage inactivated (Fig. 3) ; (2) Figure 8 . Sensitivity of Mg2+/MK-801-resistant component of KA resnonse to CNOX. nifedinine. and OA. A and B. Cells 6 DIV in Ma*+-free medium; 2-p; CNQX or 1 pMnifedipine 'were added where-indicated (arrows). C, Cells 7 DIV in Mg2+-containing medium; 100 MM KA was added followed by sequential QA additions (arrows). Note that the first addition gives a transient spike, whereas subsequent additions cause a progressive inhibition of the KA response.
ized by the same high sensitivity to nifedipine of both the KA- (Fig. 8) and KCl-evoked (Fig. 1 ) Cal+ elevations and by the ability of nifedipine to inhibit the KA response as effectively as does the KA receptor antagonist CNQX (Fig. 8); and (3) a transient increase in [Ca2+lc evoked by trans-ACPD or by a non-AMPA receptor effect of QA, which is only seen subsequent to plasma membrane depolarization and is consistent with the mobilization of internal Ca*+ by the metabolotropic QA receptor (Sladeczek et al., 1985) .
Heterogeneous voltage-sensitive Ca2+ channels
We have been able to dissect 2 components of the voltagesensitive calcium channel response: a transient, voltageinactivated, dihydropyridine-insensitive channel and a largely noninactivating dihydropyridine-sensitive L-channel. This heterogeneity can explain reports in the literature concerning incomplete dihydropyridine antagonist sensitivity of %aZ+ entry (Kingsbury and Bal&zs, 1987; Carboni and Wojcik, 1988) . The initial transient channel may transport the bulk of the Ca2+ into the cell, because Carboni and Wojcik (1988) reported that 20 set of predepolarization strongly inhibited '%a2+ entry into 8-9-DIV cerebellar granule cells.
NMDA receptor-mediated elevation in [Ca2+],
Because the NMDA receptor allows the entry of monovalent cations in addition to CaZ+ (Ascher and Nowak, 1987) , it is et al. -Calcium Responses to Depolarization and Glutamate Agonists essential to distinguish between a primary entry of Ca2+ through the receptor channel and a secondary entry through voltagesensitive calcium channels as a consequence of the depolarization. We have adopted 2 strategies to eliminate the latter: first, the use of nifedipine to inhibit the noninactivating L-channels, and, second, employing suboptimal NMDA concentrations with young (5-7-DIV) cells to limit the extent of depolarization. Only under these conditions was it possible to see a substantial Mg2+ blockade of the Ca2+ signal in nonpolarized cells. Glycine stimulation of the NMDA response (Johnson and Ascher, 1987) could only be clearly demonstrated in the presence of sufficient glycine antagonist HA-966 (Foster and Kemp, 1989) to compete with endogenous glycine present in the cultures (Fig. 3) .
AMPA-and QA-mediated elevations in [Ca2+lc
The [Ca2+le responses to AMPA and QA in these cells are small relative to those seen with the other agonists and decrease with the age of the cells (Fig. 4) . The AMPA response is noninactivating (Fig. 4 ) and can be detected in both polarized and depolarized cells; however, its small size makes us unable to distinguish between an effect on [Ca2+lc due to depolarization and activation of voltage-sensitive calcium channels or, as suggested by Holopainen et al. (1989) , a direct entry of Ca2+ through the receptor-coupled ion channel. The QA response is more complex (Fig. 4) even when the use of concentrations (> 10 KM) that activate the NMDA receptor (Holopainen et al., 1990 ) is avoided. First, in addition to an AMPA-like sustained elevation in [Ca2+le, a transient spike is seen, particularly in predepolarized cells (Fig. 5) . This spike appears, at least in part, to be due to the activation of the "metabolotropic QA receptor" because trans-ACPD, which has been reported to be a specific agonist for this receptor (Palmer et al., 1989) , mimics the transient response (Figs. 5, 6 ). Furthermore, prior exposure to trans-ACPD decreases the size of a subsequent QA spike (Fig. 6) . Conversely, trans-ACPD is ineffective when added subsequently to QA (Fig. 6 ) but does generate a response following AMPA (Fig. 5) , consistent with the inability of AMPA to activate the metabolotropic receptor (Schoepp and Johnson, 1988) .
It is unlikely that the response we observe is due to a contamination with Purkinje cells, which are known to possess high concentrations of the metabolotropic QA receptor (Blackstone et al., 1989) , because our cultures reveal no large cell bodies characteristic of Purkinje cells; this is consistent with the failure of these early-differentiating cells to survive postnatal isolation and culture (Weber and Schachner, 1984) . There have been several reports of extensive, receptor-stimulated phosphoinositide hydrolysis and IP, production in cerebellar granule cell cultures (Nicoletti et al., 1986a,b; Bouchelouche et al., 1989; Dillon-Carter and Chuang, 1989) , though Ross et al. (1989) did not detect the presence of the putative inositol-1,4,5-trisphosphate receptor pp260 within the granule cell layer of the adult cerebellum by electron microscopic immunocytochemistry.
As we observe a trans-ACPD-mediated Ca*+-transient in the granule cells, this suggests that they do possess significant inositol-1,4,5-trisphosphate-mediated Ca2+ release mechanisms.
M-mediated elevations of [Caz+/,
The response of the cells to 100 PM KA is complex (Figs. 7, 8) and includes an NMDA receptor component that can be eliminated by MK-80 1 (Fig. 7) and a nifedipine-sensitive component (Fig. 8B ). Both components are inhibited by the non-NMDA receptor antagonist CNQX at 2 KM, suggesting that the MK-80 1 -sensitive component is not due to a direct action of KA on NMDA receptors, but rather to an activation of NMDA receptors by endogenous glutamate or aspartate released from the cells by the action of KA. The MK-80 1 -insensitive, KA receptor-mediated plateau is inhibited by addition of QA or AMPA (Fig. 7) , even in more mature (9-DIV or later) cultures that do not exhibit detectable AMPA receptor responses. The extent of inhibition with 30 PM QA or 2 PM CNQX is comparable to that produced by 1 PM nifedipine (Fig. 8 ).
An inhibition of KA responses by QA has been reported by several groups in a variety of systems. Ishida and Neyton (1985) observed such an effect in retinal horizontal cells; Gallo et al. (1989) and McCaslin and Morgan (1987) have reported that high QA concentrations inhibit a KA response in cerebellar granule cells, the former group measuring 'II-D-aspartate release, the latter, cGMP production. It seems unlikely that the inhibitory effect of 30 PM QA or 2 I.LM CNQX on the KA response is due to displacement of 100 PM KA from its receptor, because this would require QA and CNQX to have a far greater affinity for the KA receptor than KA itself, contrary to binding studies (Foster and Fagg, 1984; Watkins et al., 1990) . There is clearly some kind of interaction between an AMPA/QA binding site and the KA receptor.
Conclusions
These results clearly show that the [Ca2+lc responses to stimulation of different glutamate receptors are mediated by a common set of basic mechanisms: depolarization-induced activation of a family of voltage-sensitive calcium channels, direct conduction of calcium into the cytoplasm through ligand-gated channels, and metabolotropic receptor-mediated release of calcium from internal stores. There are complex interactions between these systems. The KA receptor-mediated responses are inhibited by AMPA or QA, while KA receptor stimulation may release endogenous glutamate and activate NMDA receptors. These interactions, together with the limited selectivity of agonists and particularly antagonists for these receptors, substantially complicate the interpretation of any single observation of [CaZ+lc response. There are reports in the literature of stimulation of inositol phosphate production in cerebellar granule cells by all the glutamate receptor agonists (Nicoletti et al., 1986a (Nicoletti et al., ,b, 1988 Wroblewski et al., 1987) . This has led to the hypothesis that there are 2 metabolotropic receptor subtypes, in addition to ionotropic receptor subtypes present in these cells. One, activated by QA and pertussis-toxin sensitive (Nicoletti et al., 1988) , may mediate the trans-ACPD response we have detected. However, there has been little consideration of the possible role of [Ca2+le elevation in both stimulating and potentiating inositol phosphate production, as has been observed in other systems (Nahorski et al., 1986; Smart, 1989) . Other glutamate receptormediated responses reported in these cells, such as production of cGMP (Novelli et al., 1987) and arachidonic acid (Lazarewicz et al., 1988) may also be secondary to elevation of [Ca2+lc. An important control, which is rarely performed, would be to investigate whether depolarization by elevated KC1 can reproduce these secondary events by activating voltage-sensitive calcium channels and elevating [Ca2+]= independently of receptor activation. This would explain the apparent lack of specificity of the receptor subtypes for these responses. The role of each re-ceptor subtype in intracellular signaling may only be fully understood if their effects on [Ca2+lc are appreciated.
